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capacitors, supercapacitors (SCs) have rela-
tively high energy densities and are lighter 
and smaller; compared with lithium-ion 
batteries, they have relatively high power 
densities due to their simple structure, 
charge and discharge speeds, and eco-
nomic and environmental attractiveness, 
they are widely used in new energy vehi-
cles, aerospace, defense science and tech-
nology, information technology, electronics 
industry, and many other areas.[6]

The earliest patent for supercapacitors 
dates back to 1957, when Becker[7] prepared 
a high specific surface area of carbon-based 
supercapacitors. In 1990s, as people began 
to realize the potential of super capacitor 
applications, it saw broad use as a hybrid 
power supply.[8] Now, supercapacitors are  
widely used in a variety of energy storage 
equipment; in the field of high-cycle energy  
storage devices, they have many more 
promising prospects and a broader appli-

cation market. Today, Matsushita and NEC Corporation of 
Japan, as well as Maxwell Technologies of the United States, 
are major investors in the continued development of electro-
chemical capacitors.[9] Supercapacitors have huge application 
value and market potential and have become global hot spots 
for research.

Here, we only focus on the MnO2 and carbon composite 
for supercapacitors. One of the reasons is that MnO2 is the 
most promising pseudocapacitance materials owing to its ideal 
capacitance behavior, high specific capacitance, abundant raw 
materials, and environmental friendliness. On the other hand, 
the carbon material which is also active materials to contribute 
electrochemical double layer capacitance can provide a high 
specific surface area and highly conductive matrix for MnO2 to 
load on. Furthermore, the synergetic effect is also playing an 
important role to boost the performance for the MnO2–carbon 
composite. Therefore, the manganese dioxide material and 
high conductivity carbon material composite can improve the 
conductivity and enhance the electrochemical performance.

In recent years, many researchers have reviewed the charge 
storage of MnO2-based materials for supercapacitors in order 
to summarize the latest developments of MnO2 to design high 
performance supercapacitor nanocomposite electrodes for 
the manufacture and assembly of MnO2-based supercapacitor  
electrode.[10,11] However, there is no special focus on MnO2–
carbon composite for supercapacitor. Here, in this review, we  
provide a more detailed discussion of the progress and challenges 
of MnO2–carbon based supercapacitor electrode materials.  

With the serious impact of fossil fuels on the environment and the rapid 
development of the global economy, the development of clean and usable 
energy storage devices has become one of the most important themes of 
sustainable development in the world today. Supercapacitors are a new type 
of green energy storage device, with high power density, long cycle life, wide 
temperature range, and both economic and environmental advantages. In 
many industries, they have enormous application prospects. Electrode mate-
rials are an important factor affecting the performance of supercapacitors. 
MnO2-based materials are widely investigated for supercapacitors because 
of their high theoretical capacitance, good chemical stability, low cost, and 
environmental friendliness. To achieve high specific capacitance and high rate 
capability, the current best solution is to use MnO2 and carbon composite 
materials. Herein, MnO2–carbon composite as supercapacitor electrode 
materials is reviewed including the synthesis method and research status in 
recent years. Finally, the challenges and future development directions of an 
MnO2–carbon based supercapacitor are summarized.

Energy Storage

1. Introduction

Since the beginning of the 21st century, the rapid growth of 
population and the global economy has significantly increased 
the demand for energy consumption. Due to the serious impact 
of fossil fuels on the environment and the urgent need for 
energy storage electronics, it is necessary to develop efficient 
energy storage systems.[1–3] Supercapacitors have properties 
that fall between those of traditional capacitors and lithium-ion 
batteries,[4] as shown in Figure 1.[5] Compared with traditional 
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As shown in Figure 2, we summarize four aspects of the research 
progress on MnO2–carbon based supercapacitor electrode mate-
rials: MnO2–carbon nanotube (CNT) composites, MnO2–graphene 
composites, MnO2–carbon nanofoam/aerogel composites, and 
other MnO2–carbon composites. It is anticipated that this review 
can provide a more comprehensive reference for the future inno-
vation in MnO2–carbon based supercapacitor electrode materials.

1.1. Introduction of the Mechanisms of Supercapacitors

Supercapacitors mainly consist of electrode materials, electro-
lyte, current collectors, and separator. The positive and negative 
electrodes are immersed in the electrolyte solution, separated by 
a diaphragm to prevent electrical contact, and play a key role in 
the performance of the supercapacitor. The high performance 
of supercapacitors is closely related to their energy storage 
principle, which can be divided into two types: electrochemical 
double layer capacitance (EDLC) and pseudocapacitance.[12]

The energy storage mechanism of an EDLC is based on 
the electrostatic interaction between the ions on the surface 
of the active electrode material and the electrolyte, that is, the 
rapid adsorption/desorption process, as shown in Figure 3a.[13] 
Its fast charge and discharge process may occur in a few sec-
onds; the electric double layer capacitor system may experi-
ence more than 100 000 cycles. The performance of EDLCs 
depends on the electrochemical activity and kinetics of the elec-
trodes. Therefore, when designing high-performance double-
layer capacitors, electrode materials with high specific surface 
area, large porosity, and proper pore distribution are required. 
Carbon-based materials (carbon nanotubes, activated carbon, 
etc.) are considered to be ideal electrode materials for EDLC 
because they have unique properties such as controlled porous 
structure, high conductivity, large surface area, etc. The main 
drawback of the EDLC is its small energy density.[14]

The energy storage mechanism of the pseudocapacitance is 
accomplished by the rapid reversible redox reaction of the electrode 
surface and the doping/dedoping process of the ions to complete 
the energy storage and release, as shown in Figure 3b.[13] In gen-
eral, a pseudocapacitor can have a larger storage capacity than an 
EDLC, but its charge and discharge rate is slower than that of an 
EDLC. The energy storage process of pseudocapacitance occurs in 
the main body of the electrode material, the redox reaction occurs 
during the charging and discharging process, and the charging 
and discharging process of the EDLC occurs only on the surface of 
the electrode material.[15] Common electrode materials are transi-
tion metal oxides, conducting polymers and some metal nitrides.

1.2. Electrode Material for Supercapacitor

The energy storage principle of the supercapacitor depends on 
the choice of the electrode material. The electrode material deter-
mines the performance parameters such as the specific capacity, 
energy density and power density of the supercapacitor.[16]  
Currently used for supercapacitor electrode materials are mainly 
carbon materials, conductive polymers and transition metal  
oxides, etc.; these electrode materials each have different advan-
tages and disadvantages. The carbon material has the advantages of 

high specific surface area and high power capability. The drawback 
would be the low energy density. The application of conducting 
polymer for supercapacitors is limited by the poor stability and less 
conductivity during the redox reaction. The formation of an electric 
double layer capacitor in the supercapacitor makes it less conduc-
tive. The advantage for conducting polymer would be their good 
mechanical property for potential flexible devices. By contrast, 
transition metal oxides not only have the advantages of high spe-
cific capacitance, long cycle stability and high energy density, but 
also both EDLC and Faraday pseudocapacitance properties, which 
has aroused widespread interest of researchers. In many transition 
metal oxides, ruthenium dioxide shows the highest electrochemical  
performance.[17] RuO2 has three oxidation states, higher conduc-
tivity, good thermal stability, and better rate performance because 
of its wide potential window and higher oxidation reversibility.[18–20]  
However, RuO2 resources are scarce, expensive, and their exploi-
tation involves greater environmental pollution. It is difficult to 
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Figure 1. Ragone plots for various electrochemical energy storage systems and internal combustion engine. Reproduced with permission.[5] Copyright 
2015, Elsevier Ltd.

Figure 2. An overview diagram showing MnO2–carbon based supercapacitor electrode materials. MnO2–carbon based supercapacitor: Reproduced 
with permission.[13] Copyright 2014, Royal Society of Chemistry. MnO2–carbon nanotube (CNTs) composites: Reproduced with permission.[58] Copyright 
2014, Elsevier. Reproduced with permission.[52] Copyright 2011, American Chemical Society. Reproduced with permission.[68] Copyright 2017, Elsevier. 
MnO2–graphene composites: Reproduced with permission.[92] Copyright 2015, Royal Society of Chemistry. Reproduced with permission.[131] Copy-
right 2016, Royal Society of Chemistry. Reproduced with permission.[107] Copyright 2012 Amerian Chemical Society. MnO2–carbon nanofoam/aerogel 
composites: Reproduced with permission.[130] Copyright 2016, Royal Society of Chemistry. Reproduced with permission.[128] Copyright 2014, American 
Chemical Society. Other MnO2–carbon composites: Reproduced with permission.[146] Copyright 2014, Elsevier. Reproduced with permission.[138] Copy-
right 2013, Elsevier Ltd. Reproduced with permission.[142] Copyright 2017, Elsevier B.V.
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achieve large-scale applications. It is used only in space, mili-
tary, and similar areas. Therefore, it is desirable to explore other 
metal oxide materials such as manganese dioxide (MnO2 which  
exhibit excellent capacitance and are inexpensive and abundant). 
MnO2 materials are widely used in supercapacitor electrode  
materials because of their high specific capacitance, ideal capac-
itor charge–discharge curves, abundant raw materials, and 
environmental friendliness.[17,21,22] In this paper, the synthesis 
method and research status of MnO2–carbon materials for 
MnO2-based supercapacitor electrode materials are discussed.

2. MnO2 Storage Mechanism and Crystal 
Structure

2.1. Storage Mechanism

Manganese dioxide is a stable manganese oxide, it has a theo-
retical specific capacitance of up to 1370 F g−1, but in practical 
use, the capacitance is far less than this theoretical value.[23] 
Toupin et al.[24] have shown that the performance of manga-
nese oxide pseudocapacitor is mainly limited by the thickness 
of the surface layer. The surface layer has a minimum thick-
ness of 420 nm, which causes the migration of electrolyte ions 
into the manganese oxide layer to a certain extent. Only part 
of the manganese oxide is fully utilized. MnO2 is a semicon-
ductor material: it not only has double capacitance properties, 
but also pseudocapacitance properties. The energy storage of 
this material is based on the charge in the surface desorption, 
the occurrence of redox reaction processes. In 1999, Lee and 
Goodenough[25] made a pioneering study of the pseudocapaci-
tive behavior of manganese oxides in aqueous solutions. The 
pseudocapacitive reaction that occurs on the surface and the 
main body of the electrode is the main charge storage mech-
anism of the manganese oxide. It mainly contains two kinds 
of charge and discharge mechanisms: one is a metal cation in 
the electrolyte, through the surface of the manganese oxide 
adsorption/desorption process; the other is the electrolyte in 
the manganese oxide near the surface of the material and the 
somatic region of the embedding/de-embedding process.[26,27] 

The energy storage mechanism is as follows, wherein C+ repre-
sents an alkali metal cation (H+, Li+, Na+, K+) in the electrolyte

MnO M MnO M2 surface
n

2
n n

surface
ne ( )( ) + + ⇔+ − − +

 
(1)

e+ + ⇔+ −MnO C MnOOC2  (2)

It should be noted that both charge storage mechanisms 
involve a rapid reversible redox reaction, and the manganese 
oxidation state changes between III and IV. Typically, the 
hydrated manganese oxide exhibits a specific capacitance in the 
alkali salt solution in the range of 100 to 200 F g−1, which is 
significantly lower than that of the RuO2 electrode material. Up 
to now, the further development of MnO2-based supercapaci-
tors has been limited by the capacitance (low energy density), 
structural stability, long-term cycling stability, and low capacity 
of the MnO2 electrode material.[28]

The improvement of active materials mainly involves highly 
reversible capacitance, structural flexibility and stability, rapid 
cationic diffusion at high charge and discharge rates, and envi-
ronmental friendliness. As a transition metal element, man-
ganese has a variety of stable oxides (MnO, Mn3O4, Mn2O3, 
MnO2).[29,30] Manganese oxide exhibits a variety of different 
electrochemical properties owing to different crystal mor-
phology, defect chemistry, morphology, porosity, and texture. 
When using manganese oxide as the electrode material, these 
structural parameters play a key role in determining and opti-
mizing the electrochemical performance.

When the MnO2 loading increases, the specific capacitance 
will drop sharply. The smaller the thickness of the MnO2 film, 
the smaller the resistance of the charge and proton between 
the active body and the collector interface, and the smaller the 
ohmic voltage drop in the charging process and the equivalent 
series resistance of the capacitor. In addition, the thinner the 
thin film electrode, the shorter the charge and proton diffusion 
path, the more favorable the charge and proton is embedded 
and removed from the material body. The charge transfer of 
Mn during the oxidation/reduction reaction is the electrochem-
ical equilibrium achieved by the delocalization/embedding of 
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Figure 3. a–c) Basic schematics for electrochemical double-layer capacitor (EDLC) and pseudocapacitor. Reproduced with permission.[13] Copyright 
2014, Royal Society of Chemistry.
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the cation in the solution. In summary, the surface adsorp-
tion–desorption and bulk detachment-embedding of two kinds 
of charge storage mechanism exist simultaneously during 
the charge and discharge process of MnO2 electrode, and the 
micromorphology and electrolytic solution of MnO2 have some 
influence on the charge storage mechanism.

2.2. Crystal Structure and Electrochemical Properties

MnO2 is a class of supercapacitor materials, and the MnO2 
crystal structure has a direct relationship with its electrochem-
ical performance. MnO2 has a variety of crystalline structures, in 
which the MnO2 [MnO6] octahedron is the basic unit: O atoms 
located on each of the six corners, and Mn atoms in the center, 
as shown in Figure 4.[31] These chains make different crystal 
forms in different bonding arrangements via corner sharing. 
The common crystal structures of MnO2 are α,β, γ, δ, and λ, 
and the size of the pore structure of each manganese oxide 
with distinct different crystal phases is different. The common 
crystal structure of MnO2 is shown in Figure 5.[32] δ-MnO2 con-
sists of double chains of edge-sharing MnO6 octahedra, which 
are linked at the corners to form 1D (2 × 2) and (1 × 1) tunnels 
in the tetragonal unit cell.[33] The width of the (2 × 2) tunnel is 
about 4.6 Å, which is large enough for the insertion/extraction of 
alkali cations.[34] β-MnO2 is composed of single strands of edge-
sharing MnO6 octahedra to form a 1D (1 × 1) tunnel. Because of 
its narrow (1 × 1) tunnels (about 1.89 Å), β-MnO2 cannot accom-
modate cations.[35] Structurally, γ-MnO2 is composed of random 
intergrowths of two coexistent structures, ramsdellite (1 × 2) 
and pyrolusite (1 × 1). δ-MnO2 is a 2D layered structure with 
a spacing of about 7 Å.[36] It contains a significant amount of 
water and stabilizing cations, such as Na+ or K+, between sheets 
of MnO6 octahedra. λ-MnO2 is a 3D spinel structure.

Brousse et al.[37] prepared five different crystal structures of 
MnO2, and studied the electrochemical properties of different 
crystalline MnO2. The results show that the electrochemical 
properties of MnO2 materials depend on the size of the crystal 
structures. 1D tunneling α-MnO2 (4.6 Å) and 2D layered δ-MnO2  
(7 Å) are of suitable size for rapid insertion of hydrated K+ (3 Å), 
resulting in a relatively high capacitance (110 F g−1). In 1D tunnel-
like β-MnO2 and spinel structure λ-MnO2, whose tunnel sizes are 
less than that of hydrated K+, the K+ diffusion process is inhibited, 
resulting in a lower surface pseudocapacitance. The 3D λ-MnO2 
has a 3D pore structure, which can locally undergo the interca-
lation/deintercalation process of the cation: the electrochemical 
properties are between those of the 2D layered structure and the 
1D tunnel structure. The results of their work demonstrate that a 
large tunnel space is more conducive to the electrolyte ion implan-
tation/de-embedding process for storing the charge. Ghodbane et 
al.[38] further studied the different crystal structures of the MnO2 
electrode materials and quantified their specific capacitances. 3D 
spinel structure of the λ-MnO2 was the highest with a specific 
capacitance of 241 F g−1, followed by δ-MnO2 (225 F g−1), followed 
by 1D tunnel-structured of the MnO2. In summary, the 2D and 
3D structures of manganese oxide can better accommodate the 
embedding and delamination of ions, with better ion conductivity 
and more electrochemical reaction sites, which accounts for their 
superior electrochemical performance.

Nanosized MnO2 electrode materials are widely studied. 
Much research has been carried out on the preparation methods 
of MnO2 nanostructured electrode materials. At present, the 
main MnO2 preparation methods are the hydrothermal/solvent 
thermal method, the redox method, the sol–gel method, the 
microwave-assisted method, and the electrodeposition method. 
Nanocrystalline nanowires,[39] nanotubes,[40] nanosafhe,[41] core–
shell[42] structures, and hollow polyhedrons[43] can be prepared 
by conventional synthetic methods. For example, Ming et al.[44] 
reported the rapid synthesis of bismuth-type MnO2 nanospheres 
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Figure 4. Skeleton structure of MnO2. Reproduced with permission.[31] 
Copyright 1999, Royal Society of Chemistry.

Figure 5. Crystal structures of, α-, β-, γ-, δ-, and λ-MnO2. Reproduced 
with permission.[32] Copyright 2008, American Chemical Society.



1702883 (6 of 15)

www.advancedsciencenews.com www.small-journal.com
small

NANO MICRO

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

by microwave assisted heat at 75 °C for 30 min. The electrochem-
ical test results showed that the specific capacitance of the cur-
rent density of 0.2 A g−1 was 210 F g−1 in the 1 mol L−1 Na2SO4 
electrolyte. The retention of specific capacitance and the coulomb 
efficiency were more than 96% and 98% at 1.6 A and 300 cycles. 
The preparation of monolayer manganese oxide nanosheets was 
reported in 2015.[45] The dodecyl alcohol obtained by hydrolysis 
of sodium dodecyl sulfate (SDS) reduced KMnO4 to MnO2 nano-
solids. The results showed that the gradual hydrolysis of SDS is 
considered to be a key factor in the successful formation of mon-
olayer nanosheets. SDS is not only used as a precursor to reduce 
KMnO4, but also to form a single layer of MnO2 nanosheet as 
a structure inducer. The electrochemical performance of MnO2 
nanoelectrode materials is primarily determined by the crystal 
structure, as well as the morphology, the electrode loading mass 
and the electrolyte. Therefore, the composite preparation of MnO2 
nanoelectrode materials is a hot topic in the current research.

3. MnO2–Carbon Composites for SCs

Nanostructured MnO2 electrode materials exhibit the unique 
properties of nanomaterials, and are a focus of the research 
because of their high specific capacitance, abundant raw materials, 
and environmental friendliness. However, their conductivity is 
generally low, which seriously affects their specific capacity, cycle 
life, and scalability. To improve the conductivity and cycling sta-
bility of MnO2, it is advantageous to prepare composite materials 
in order to make use of synergistic effects. Common MnO2 com-
posite materials contain conductive polymer or carbon nanocom-
posite components, of which the latter are the most widely used. 
Carbon nanocomposite materials have high specific surface areas 
and high conductivity, as well as a high electric double layer capac-
itance. Common carbon materials include carbon nanotubes, gra-
phene, porous carbon, carbon nanofibers, and carbon aerogel.

3.1. MnO2–CNTs Composite

CNTs are a common form of nanostructured carbon with a 1D 
tubular structure, which results in a large specific surface area 
and a unique hollow structure, making them suitable for the 
rapid migration of electrolyte ions. Carbon nanotubes can be 
categorized into single-walled carbon nanotubes and multi-
walled carbon nanotubes, with typical diameters of 0.8–2 nm 
and 2–100 nm, respectively. CNT lengths range from less than 
100 nm to several centimeters.[46] MnO2/CNT composite elec-
trode materials exhibit high conductivity, mechanical strength, 
chemical stability, and active surface area. For these reasons, 
their application prospects are many. The preparation of MnO2/
CNT composite electrode materials can be realized by a variety 
of synthesis methods, such as electrodeposition technology, 
hydrothermal treatment, microwave assisted methods, chem-
ical coprecipitation, and thermal decomposition.[33]

Amorphous MnO2 (δ-MnO2) and single-walled carbon nano-
tubes (SWNTs) composites were studied in 2006. Subramanian 
et al.[47] successfully prepared δ-MnO2/SWNT composites by 
simple precipitation techniques and reported excellent cycling 
capacities, even at a high current density of 2 A g−1. The material  

showed a 75% capacitance retention rate and a specific capac-
itance of 110 F g−1 after 750 cycles. This sparked intense 
research into MnO2/carbon nanotubes composite electrode 
materials. The results show that MnO2 has is capable of high 
electrochemical efficiency, and the addition of CNT as a con-
ductive agent can significantly improve the performance of 
MnO2/CNT nanocomposites, which makes them promising  
supercapacitors.[48–50] Zhang et al.[51] were able to control the 
preparation of manganese oxide–carbon nanotube composites 
by electrodeposition. Material prepared this way has a graded 
porous structure, a large specific surface area, and excellent  
conductivity. When used as an electrochemical capacitor elec-
trode material, it had good specific capacity (199 F g−1, 305 F cm−3),  
high rate capability (50.8%, 77 A g−1), and long cycle life (97%,  
20 000 cycles). The carbon material mixed into the MnO2 func-
tions mainly as a reaction substrate and its surface was coated with 
nano-MnO2 to increase the specific surface area and electrical 
conductivity of the electrode material, as shown in Figure 6.[52]  
The nanosized petaloid MnO2 on the surface of CNTs can form 
conductive textile fibers. This structure increased ion diffusion 
and electron transport in the electrode material. The conduc-
tivity of the composites decreased with increasing deposition 
time, indicating that the carbon material (CNT–textile fibers) sig-
nificantly improved the conductivity of the composite material.

Flexible and lightweight energy storage systems have 
recently been of great interest because of their potential appli-
cations in wearable electronic products, rolled-up displays and 
other devices. In order to manufacture such a system, a flexible 
electrode having the desired mechanical and electrochemical 
properties is critical. In 2008, Chou et al.[53] reported an MnO2 
nanowire/CNT composite paper (MNCCP) as a flexible elec-
trode for electrochemical supercapacitors. CNT paper has good 
conductivity and is an active substrate for flexible electrodes in 
supercapacitors; MnO2 nanowires can promote contact between 
the electrolyte and the active material, increasing the capaci-
tance. Electrochemical tests show that the MNCCP electrode 
exhibits a specific capacitance of up to 167.5 F g−1 at a current 
density of 77 mA g−1. After 3000 cycles, the composite paper 
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Figure 6. a,b) SEM of MnO2–CNT–textile after a 10 min deposition. c,d) 
SEM of MnO2–CNT–textile after 120 and 300 min depositions, respectively. 
Reproduced with permission.[52] Copyright 2011, American Chemical Society.
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can maintain more than 88% of its initial capacitance.[53] With 
the development of flexible electrode materials, ternary MnO2 
composites have been widely used, which is shows improved 
electrochemical properties in flexible energy storage devices 
versus traditional MnO2–CNTs nanocomposites. For example, 
a new method was proposed to prepare graphene/MnO2/
CNTs nanocomposites as supercapacitor electrode materials by 
Cheng et al.[54] The synergistic effect from combining graphene, 
CNTs and MnO2 results in exceptional mechanical properties  
(tensile strength of 48 MPa) and electrochemical activity, which 
allows for high loading of active materials (71 wt% MnO2) in 
supercapacitors. A surface density of (8.80 mg cm−2) and spe-
cific capacitance of (372 F g−1) were reported.

In order to improve the electrochemical properties of MnO2/
carbon nanotubes composite electrode materials and optimize 
the preparation method, Amade et al.[55] used sputtering, heat 
treatment, and plasma-enhanced chemical vapor deposition to 
prepare dense, homogeneous vertical aliened CNTs materials. 
Li et al.[56] prepared MnO2/CNT composite electrode materials 
by an improved chemical method. Mai and co-workers have 
developed composite electrode materials for MnO2 nanotubes 
(NTs) and CNTs by using a simple vacuum filling method, in 
which CNT not only provides mechanical reinforcement but 
also acts as an electron orbital medium. The composite capac-
itor device uses an independent CNT/MnO2 NT hybrid elec-
trode supercapacitor to exhibit an excellent volume capacitance 
of 5.1 F cm−3 and a high energy density of 0.45 mWh cm−3. 
Solid-state devices with high flexibility and stability have wide, 
low-cost, high-performance applications for wearable electronic 
devices. Huang et al.[57] manufactured 3D CNT/MnO2 core–
shell nanostructures for growing Ni foams for adhesive-free 
capacitor electrodes. Ultrathin layered MnO2 nanosheets are 
uniformly coated on the surface of CNT, grown directly on Ni 
foam (Figure 7). This unique binderless electrode exhibits high 

capacitance (325.5 F g−1 at a current density of 0.3A g−1), good 
rate capability (70.7% retention), and excellent cycling stability 
(90.5% after 5000 cycles). However, the synthesis of MnO2–
coated CNTs may cause carbon depletion during the redox reac-
tion and destruction of carbon–carbon bonded structures of 
carbon nanotubes, reducing conductivity. In order to reduce the 
chemical degradation of CNTs, Shi et al.[58,59] have developed a 
new method to protect CNTs in composites by using N-doped 
activated carbon layers as sacrificial materials, which also 
makes the mass content of MnO2 relatively high. The prepared 
composite material has a high charge/discharge rate and good 
cycle stability. A telescopic asymmetric linear supercapacitor 
consists of MnO2/CNT mixed fibers functioning as the posi-
tive electrode, CNT fiber as the negative electrode, and KOH–
PVA as a gel electrolyte.[61] A high specific capacitance of about 
157.53 µF cm−1 at 50 mV s−1, and a high energy density varied 
from 17.26 to 46.59 nWh cm−1, and the corresponding power 
density from 7.63 to 61.55 mW cm−1. In addition to excellent 
electrochemical performance, it is also capable of significant 
stretching of up to 100% tensile strain, making this supercapac-
itor a promising energy storage material for intelligent textiles.

With the rapid development of energy technology, port-
able, small size, high energy density MnO2/CNT composite 
electrode materials is still an important research direction. At 
present, much of the research on MnO2/CNT composite elec-
trode materials is focused on discovering new composites. 
Recent promising examples include CNT@PPy@MnO2 core–
shell structure,[62] graphene–CNT/MnO2,[63] manganese dioxide 
(MnO2)/CNT mixed membrane structure,[64] 3D Ni (OH)2/
MnO2@CNT composites,[65] and MnO2/CNT binary nanocom-
posites.[66] Gu and Wei[64] tested an all-solid asymmetric flexible 
supercapacitor with MnO2/CNT composite film as the posi-
tive electrode and Fe2O3/CNT composite film as the negative 
electrode. This system achieved a high operating voltage and 
energy density and an up to 100% physical extendibility, which 
makes it a viable candidate for wearable energy storage devices.

Recently, Dong et al.[67] studied activated carbon fiber cloth 
(ACFC)/MnO2/CNT composites. This composite material can 
be used not only as a textile electrode but also easily made into 
a fiber bundle as a miniaturized fiber electrode. ACFC has high 
electrochemical activity, CNTs have good conductivity, and the 
theoretical capacitance of ultraefficient MnO2 gives the fabric 
extraordinary electrochemical characteristics, with an area capac-
itance of 2542 mF cm−2, an energy density of 56.9 µWh cm−2,  
and a power density of 16287 µW cm−2. In addition, the high 
conductivity and porous structure of the composite fabric made 
it possible to assemble thicker textiles with even higher energy 
output of up to 88.5 µWh cm−2. In addition, the textile electrodes 
and the fiber electrodes all exhibit excellent cycling stability and 
structural flexibility. Using simple preparation methods and low 
cost raw materials, such high-performance electrodes will pro-
mote the commercialization of flexible energy storage devices.

Sun et al.[68] used a chemical vapor deposition method to grow 
a highly conductive CNT network onto which a flexible Ni net-
work of MnO2 nanostructures was deposited to form a layered 
core–shell structure, shown in Figure 8. At optimized loading 
mass, the MnO2 nanometer thin film CNT/Ni mesh electrode 
exhibited a high specific capacitance of 1072 F g−1. Due to the 
advantages of these core–shell electrodes (e.g., high conductivity, 
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Figure 7. a,b) SEM images of CNTs@MnO2 core–shell nanostructures 
grown on Ni foam. Insets show the corresponding local 3D structures in 
low magnifications. c,d) TEM and HRTEM images of a partial coverage of 
the MnO2 nanosheets on the surface of CNTs. Reproduced with permis-
sion.[58] Copyright 2014, Elsevier.
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short diffusion path, structural stability), the assembled MnO2@
CNTs/Ni network based symmetrical supercapacitor (SSC) has a 
wide working voltage window (2.0 V), high power density (energy 
density 33.6 Wh kg−1, 30.2 kW kg−1), high energy density (power 
94.4 Wh kg−1 density of 1000 W kg−1), and excellent cycling sta-
bility (83.4% capacitance retention after 1000 cycles). For practical 
applications, an SSC assembly powered 1 a green light-emitting 
diode (LED) for 5 min; two SSC devices can power up to 12 LEDs 
for more than 1 min. Therefore, MnO2@CNTs/Ni composites are 
promising electrode materials. Ultrathin MnO2 nanoflakes depos-
ited on carbon nanotube networks for symmetrical supercapaci-
tors significantly enhance performance.

3.2. MnO2–Graphene Composite

Graphene has a honeycomb crystal structure in which the sp2-
hybrid carbon atoms are closely arranged and represents an 
attractive supercapacitor electrode material.[69] Compared with 
conventional high specific surface area materials such as acti-
vated carbon, the specific surface area of graphene does not vary 
with the pore size distribution, but depends on the number of 
graphene sheets and the stacking configuration. Graphene has 
become a star material in the field of electrochemistry because 
of its unique 2D structure, high electronic mobility (15 000 cm2 
V−1 s−1),[70] exceptional electric properties (106 S m−1),[71] good 
mechanical strength (tensile strength 130 GPa and stiffness  
1.5 × 108 psi),[72] and ultrahigh surface area (≈2630 m2 g−1).[73,74] 
The high conductivity and specific surface area of graphene, 
combined with the high specific capacitance of MnO2, make the 
graphene/MnO2 composite an attractive supercapacitor material.

The earliest nanographitic materials, obtained by exfoliation 
of graphite, exhibited a large surface area and more edge sites 
for anchoring functional groups. The graphite structural units 
aggregated in an irregular fashion, creating more void spaces 
for electrolyte transport. This motivated research efforts to use 
nanographite sheets as conductive Supporting Informations 
for manganese oxide-based electrochemical capacitors (ECs), 
spawning the study of MnO2–graphene composites.[75–78] In 
order to achieve high energy and power density, Cheng and co-
workers[79] prepared a graphene nanosheets/MnO2 nanowire 
composite by solution-phase assembly of graphene sheets and 

MnO2 nanowires. Yu and co-workers manu-
factured mixed graphene/MnO2 nanostruc-
tures as high performance supercapacitor 
electrode materials. This unique structure is 
used for the storage of pseudocapacitive MnO2 
nanomaterials to promote the transfer of elec-
trolyte ions and electrons, so the composite 
has a high specific capacitance of 315 F g−1, 
and excellent cycling performance of (≈95% 
capacitance retention over 5000 cycles).[79]

A number of hybrid structures such as gra-
phene nano sheets/MnO2,[80–85] graphene nano-
belts,[86,87] graphene nano  ribbon/MnO2,[88,89] 
partially exfoliated graphite/MnO2,[90–92] 
RGO/MnO2,[93–95] 3D graphene hydrogel/
MnO2,[96–100] 3D graphite foam/MnO2,[101–103] 
3D macroporous graphene,[104,105] and ternary 
composite electrodes[106–110] have been studied. 

For example, Dai et al.[84] reported the fabrication of a highly uni-
form graphene oxide nanosheets/MnO2 nanowire composite at 
a gram-scale via a hydrothermal process without any catalysts 
or templates. The product consisted of α-MnO2 nanowires with 
diameters of 20–40 nm and lengths of 0.5–2 mm that were well 
dispersed on the surfaces of graphene oxide sheets. The specific 
capacitance of this GO/MnO2 composite electrode was as high as 
360 F g−1 at 0.5A g−1. Li and co-workers reported a facile method 
to assemble a hierarchical and interconnected reduced graphene 
oxide/β-MnO2 (RGO/β-MnO2) nanobelt hybrid hydrogel.[100]

Graphene–MnO2 based supercapacitors with excellent 
power and energy density make them promising candidates 
for future energy storage systems. However, developing a 
simple, inexpensive, and extensible way to fabricate capaci-
tors remains a challenge. Flexible and lightweight energy 
storage has been of increasing interest to researchers; flex-
ible electrodes with adequate electrochemical properties are 
essential to this end. Cheng et al.[107] proposed a new method 
for preparing flexible and sturdy thin film supercapacitor 
electrodes based on graphene/MnO2/CNTs nanocompos-
ites, as Figure 9 shows. CNTs and graphene composite pro-
vide excellent mechanical properties (tensile strength of  
48 MPa) and excellent electrochemical activity. These flexible elec-
trodes allow high performance material loading (71 wt% MnO2),  
surface density (8.80 mg cm−2) and high specific capacitance 
(372 F g−1). An “impregnation and drying process” has been 
used to fabricate a layered RGO/MnO2 nanostructure as a hybrid 
supercapacitor electrode that operates even at high scan rates  
of 200 V s−1 and has excellent electrochemical performance at 
10 V s−1 over 10 000 cycles. The sponge@RGO@MnO2-based 
supercapacitor has a capacitance retention rate of 90%. The 
maximum energy density of this system at 0.8 V is 8.34 Wh kg−1  
and the maximum power density is 47 kW kg−1. Its electro-
chemical properties and simple, low-cost preparation process 
give this type of supercapacitor a promising future.[111]

New ternary composites of MnO2 nanorods, polyaniline 
(PANI), and graphene oxide (GO) have been prepared via a 
two-step process. The ternary composite approach offers an 
effective solution to enhance the device performance of metal 
oxide based supercapacitors for long cycling applications.[110] 
As shown in Figure 10, Liu and co-workers[92] presented a 
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Figure 8. The fabrication steps of the MnO2@CNTs/Ni. Reproduced with permission.[68] Copy-
right 2017, Elsevier.
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controlled two-step partial stripping method to synthesize 
functional stripped graphite substrates. The functionalized 
stripped graphite/MnO2 electrode achieves an excellent surface 
capacitance of 244 mF cm−2; the estimated MnO2-based weight 
capacitance of 1061 F g−1 is only slightly lower than its theo-
retical value 1110 F g−1. More importantly, graphene’s seamless 
integrated sheet and graphite substrate could minimize contact 
resistance and significantly increase the ability to rate pseudo-
capacitive materials. 92% of the initial capacitance of EG/MnO2  
was maintained over 5000 cycles. The graphite substrate 
serves as a pseudocapacitor capable of addressing a number of 
issues, improving load quality and rate capabilities. Yan and  
co-workers[112] prepared a 3D graphene/MnO2 nanoparticle 
hydrogel to produce an asymmetric supercapacitor with MnO2/
rGO hydrogel as the positive electrode and pure rGO hydrogel 
as the negative electrode, using a neutral aqueous Na2SO4 
(1.0 m) electrolyte. Asymmetric supercapacitors show a higher 
energy density of 21.2 Wh kg−1, power density of 0.82 kW kg−1, 
and 89.6% capacitance retention after 1000 cycles. Liu and co-

workers[113] also prepared a graphene/multiwalled carbon nano-
tube/MnO2 (GR/MCNTs/MnO2) supercapacitor material with 
excellent electrochemical properties.

Zhu and co-workers prepared MnO2 nanorods/rGO mixed 
fibers and MoO3 nanorods/rGOs, and improved the capacitive 
properties of the mixed fiber electrodes by exploiting the syner-
gistic effect between the transition metal oxide nanorods and 
rGOs.[114] Using MnO2 nanorods/rGO and MoO3 nanorods/
rGO blends as the positive and negative electrodes for all solid-
state asymmetric supercapacitor (ASC), the optimized ASC can 
be reversibly cycled up to a voltage of 1.6 V and provide a volu-
metric energy density of 18.2 mWh cm−3, and a power density 
of 76.4 mW cm−3. The device exhibits significant cycling sta-
bility and excellent mechanical flexibility and stability.

δ-MnO2/porous reduced graphene oxide fibers have also been 
shown to make mechanically stable and flexible electrodes, pre-
pared by depositing δ-MnO2 on the porous reduction surface by 
Liu and co-workers.[115] Others[116,117] reported a simple one-step 
synthesis of a reduced graphene oxide/manganese oxide (rGO–
MnO2), asymmetric supercapacitor, based on composite MnO2–
graphene and N-doped activated carbon-coated CNT electrodes. 
Liu et al.[116] also developed a simple method for preparing a 
3D-foamed MnO2 film/multilayer graphene film/Ni foam (MnO2/
MGF/NF) mixed structure for flexible supercapacitors. This struc-
ture exhibits good electrochemical performance, extraordinary 
flexibility, and a long cycle life. The area of the flexible superca-
pacitor is 714 mF cm−2 (14.28 F cm−3); the maximum volumetric 
energy (power) density is 0.634 mWh cm−3 (126 mW cm−3).

3.3. MnO2–Carbon Nanofoam/Aerogel Composite

Carbon nanofoams and carbon aerogel nanoarchitectures hold 
appeal for electrochemical capacitor applications because of 
their inherent structural characteristics, including high spe-
cific surface areas (up to 1000 m2 g−1) and mesoporous and/or 
macroporous networks. The tunnel range from nanometers to 
micrometers in diameter, are durable overall and allow for rea-
sonable electrical conductivity (10–100 S cm−1).[118–123] A new 
type of carbon-based material, carbon aerogels have attracted 
wide attention due to their performance high comprehensive 
performance, large inner surface area, small pore size, and 
excellent mechanical strength.[124] The pore size of the carbon 
aerogel determines many of its physical properties, so the 
activity of the MnO2 electrode can be optimized to improve the 
electrochemical properties of the composite materials.

In 2007, Fischer et al.[125] demonstrated a very simple and 
cost-effective way to make MnO2 in the form of self-limiting 
deposition of thick porous carbon nanotubes. MnO2-coating 
helps to maintain the capacitance of carbon nanofoam while 
improving the usage rate of MnO2, enhancing its electrochem-
ical performance. Long et al.[122] prepared nanosized amorphous 
δ-MnO2–dispersed carbon aerogels (CAs) using a liquid phase 
coprecipitation technique. Tong and co-workers[126] prepared 
mesoporous MnO2/carbon aerogels by bubble-assisted electro-
chemical deposition. The obtained mesoporous MnO2/carbon 
aerogels have a large specific surface area (120 m2 g−1), uniform 
pore size distribution (about 5 nm), high specific capacitance 
(515.5 F g−1), and good stability over 1000 cycles. On the basis of 
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Figure 9. a) SEM and b) TEM images of the interconnected structure 
formed by a graphene/MnO2 composite (red arrows) and fFWNTs (white 
arrows); the inserted image shown in (b) highlights their close interac-
tion. c) Cross-sectional SEM image and a picture of the (inserted at the 
top right corner) of film showing the flexibility of these structures. d) 
Typical stress–strain curve for the graphene/MnO2/CNT composite film 
with 25 wt% of fFWNTs. Reproduced with permission.[107] Copyright 2012, 
American Chemical Society.

Figure 10. a) SEM images and b) TEM image of FEG/MnO2 with an SAED 
pattern in the inset of (b). Reproduced with permission.[92] Copyright  
2015, Royal Society of Chemistry.
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Tong’s research, Ren et al.[127] proposed a simple and extensible 
method for the synthesis of MnO2-containing carbon aerogel 
(MnO2@CA) composites by hydrothermal carbonation. The 
resulting MnO2@CA shows a specific capacitance of 123.5 F g−1.  
This capacitance can be attributed to the electrochemical contri-
bution of the loaded MnO2 nanoparticles and the porous struc-
ture of the 3D carbonaceous aerogels.

The development of new energy and high power density of 
MnO2 carbon nanofoam/aerogel composite material storage 
remains a challenge today. In one experiment, ultrathin β-MnO2 
nanobelts (NBs) were dispersed in a GO precursor solution and 
prepared by hydrothermal reaction.[128] The 3D mixed hydrogel 
was controlled by adjusting the content of ultrathin β-MnO2 NBs,  
which has the favorable properties of low compressive strength, 
high specific surface area, and high specific compressive strength. 
The ultrathin β-MnO2 NBs show a specific capacitance of up to 
362 F g−1 at a current density of 1.0 A, and a capacitance of 282 
F g−1 even at 20 A g−1, more than double that of RGO hydrogels 
(118 F g−1). At the same time, mixed hydrogels also show excel-
lent cycling stability; cyclic voltammetry scans showed capacitance 
retention of 96.3% after 10 000 cycles. Liu et al.[129] prepared a 
3D MnO2/MnCO3/rGO aerogel (MGA) with a highly conductive 
structure, in which MnCO3 nanorods and MnO2 nanorods are 
deposited on graphene sheets, resulting in composites with high 

specific capacitance, excellent rate capability, and cyclic stability. 
In addition, it can be used directly as a supercapacitor electrode 
without the addition of a polymeric binder or conductive additive. 
An asymmetric supercapacitor aerosol (GA) was fabricated using 
MGA as a positive electrode and rGO as a negative electrode in 
neutral Na2SO4 aqueous solution. The energy density of this asym-
metric supercapacitor was 17.8 Wh kg−1 with a power density of 
400 W kg−1.1D carbon nanofibers derived from the oxidized poly-
acrylonitrile (o-PAN) and 2D carbon paper derived from polyimide 
(PI) were combined to obtain an oPP(o-PAN/PI)@MnO2 hybrid 
carbon aerogel (Figure 11).[130] The maximum specific capacitance  
of this material was 1066 F g−1, close to the theoretical maximum  
(1370 F g−1). The assembled oPP@MnO2//activated oPP (A-oPP) 
asymmetric supercapacitors offer up to 30.3 Wh kg−1 energy den-
sity, highlighting the advantages of oPP carbon aerogels and the 
unique cell structure of oPP@MnO2 when mixed with carbon 
aerogels. The innovation of oPP carbon aerogels has expanded 
the range of traditional electrospinning films to multidimensional 
aerogels, providing new environmentally friendly nanofiber mate-
rials for supercapacitors.

Recently, Garakani et al.[131] synthesized heterogeneous NiCo2O4–
MnO2 arrays composed of mesopores and deposited on graphene 
foams (GFs), as shown in Figure 12. The composite electrode  
exhibited a high specific capacitance of 2577 F g−1 at 1 A g−1, 
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Figure 11. a) Schematic of the preparation of o-PAN/PAA aerogel, o-PAN/PI aerogel, oPP carbon aerogel, and oPP@MnO2 hybrid carbon aerogel. b) Dig-
ital photograph for comparison of the stress tolerance between oPP-0 and oPP-33.3 carbon aerogels. c) Typical FESEM image of oPP-33.3 carbon aerogel. 
d) Digital photograph of oPP-33.3 carbon aerogel standing on a dandelion. Reproduced with permission.[130] Copyright 2016, Royal Society of Chemistry.

Figure 12. Schematic of the synthesis process of NiCo2O4–MnO2/GF. Reproduced with permission.[131] Copyright 2017, Royal Society of Chemistry.
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94.3% of which was retained after 5000 cycles. A specific power 
of 187.5 W kg−1 and a maximum specific energy of 55.1 Wh kg−1  
can be obtained by assembling an asymmetric supercapacitor 
with NiCo2O4–MnO2/GF and CNT/GF composites electrodes.

3.4. MnO2–Porous Carbon Composite

Porous carbon is a very good support for electroactive materials 
due to its high surface area, good conductivity, and 3D intercon-
nected porous structures.[132] Recent efforts to integrate MnO2 
and porous carbon are mainly focused on the deposition of 
MnO2 nanostructures[133,134] with the aim of creating stratified 
porous carbon substrates in order to improve the storage den-
sity of composite electrodes.

Yang and co-workers reported the synthesis of MnO2/carbon 
nanocomposites with various amounts of ultrathin MnO2 nano-
particles grown on 3D ordered macroporous carbon to prepare 
high-performing 3D ordered macroporous MnO2/carbon nano-
composites.[135] Liu et al.[136] developed MnO2/porous carbon 
microspheres with a partially graphitic structure for superca-
pacitor electrodes. In this hybrid structure, microporous and 
mesoporous carbon microspheres were prepared based on 
hydrothermal emulsion polymerization and common activation 
processes. The manganese nitrate is introduced into the pores 
of the carbon microspheres, followed by heat treatment to con-
vert it into amorphous MnO2. As a result, the carbon micro-
spheres having MnO2/porous as supercapacitor electrodes 
exhibited excellent electrochemical performance (459 F g−1 at 
1.0 A g−1 and 354 F g−1 at 20.0 A g−1 in 6 m KOH electrolyte), 
showing a wide range of application potential.

3.5. MnO2–Carbon Fiber Composite

Another carbon material with excellent chemical properties is 
carbon fiber, forming interesting skeletal structures with a con-
formal coating for the MnO2 supercapacitor electrode material. 
Carbon fiber networks have high specific surface areas, good 
conductivity, and individual carbon atoms can be connected 
to form pore channels to carry out effective electron and ion 
transport. The single carbon fibers can connect with each other 
to form a conductive network with appropriate pore channels, 
which give rise to efficient electron and ion transportation.

For example, Kang and co-workers reported the synthesis of 
carbon nanofibers/MnO2 nanocomposites as freestanding elec-
trodes.[137,138] The maximum specific capacitance (based on pris-
tine MnO2) was 557 F g−1 at a current density of 1 A g−1. This 
freestanding electrode also exhibited good rate capability (power 
density of 13.5 kW kg−1 and energy density of 20.9 W h kg−1  
at 30 A g−1) and long-term cycling stability (retaining 94% of 
its initial capacitance after 1500 cycles). Zhi et al.[139] presented 
highly conductive carbon nanofiber/MnO2 coaxial cables in 
which individual electrospun carbon nanofibers are coated with 
an ultrathin hierarchical MnO2 layer (Figure 13). The MnO2–
carbon nanofiber composite electrode shows a specific capaci-
tance of 311 F g−1 for the whole electrode and 900 F g−1 for the 
MnO2 shell at a scan rate of 2 mV s−1.

3.6. MnO2 and Other Carbon Composite

To date, various MnO2–carbon nanocomposite electrode mate-
rials have also been prepared in large quantities, except for 
the above MnO2–CNT composite, MnO2–graphene composite, 
carbon–aerogel composite, and MnO2–porous carbon com-
posite,[135,136,140–143] MnO2–carbon sphere composite,[144–148] and 
MnO2–carbon nanofiber composite and carbon/MnO2 com-
posite microspheres.[149]

Carbon spheres are among the most illustrative nanostructured 
carbons for enhanced electrochemical performance of superca-
pacitor electrodes. Ultrathin MnO2 nanofibers can be grown ver-
tically on the outer surface of graphite hollow carbon, producing 
composite electrodes with good electron transport, fast ion pen-
etration, fast and reversible Faraday reactions, and excellent rate 
performance.[144] Jiang and co-workers[146] have developed a low-
cost and facile preparation of powdery carbon@MnO2 core–shell 
hybrid nanospheres for use in supercapacitor electrode materials. 
By simply controlling the reaction time, various nanostructure, 
MnO2 shells with different morphologies and crystalline struc-
tures were obtained (Figure 14), indicating great potential of these 
kinds of hybrid core–shell carbon@MnO2 nanospheres in future 
practical applications. Yang and co-workers[145] developed a new 
strategy: growing MnO2 nanosheets on nitrogen-doped hollow 
carbon shells (NHCSs@MnO2), a facile in situ growth process 
followed by calcination. (MnO2/C) composites with mesoporous 
structures were also prepared by a simple one-step hydrothermal 
method.[147] MnO2 nanocrystals with highly porous interconnec-
tions were uniformly coated on this material. The surface of the 
carbon ball constitutes a mesoporous structure. The resulting 
high-voltage asymmetric EC was used as the positive electrode in 
neutral aqueous 5 m LiNO3 using activated carbon as the nega-
tive electrode. When cycled over a voltage range of 0–2.0 V, the 
maximum specific capacitance was 307.6 F g−1 with a capacitance 
retention of 96.6% after 1000 cycles.
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Figure 13. a,b) SEM images of the carbon nanofibers and carbon 
nanofiber@MnO2 composite. c,d) TEM images of a single carbon 
nanofiber@MnO2 nanostructure. Reproduced with permission.[139]  
Copyright 2012, Elsevier B.V.
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Table 1 summarizes preparation methods and electrochem-
ical performances of a selection of typical MnO2–carbon based 
electrode materials. In summary, ternary composites can take 
advantage of each component through synergistic effects, 
greatly improving electrochemical performance, cyclic stability, 
and other important properties, and even more researchers 
have focused their attention on MnO2–carbon based ternary 
composites. Therefore, investigation of such ternary materials 
will be among the most important research of this field in the 
near future.

4. Conclusion and Perspective

This review summarizes a few of MnO2–carbon materials, 
including: MnO2–CNT composite, MnO2–graphene composite, 
MnO2–carbon nanofoam/aerogel composite, and other carbon 
composite. Among them, MnO2–CNT composites show good 
conductivity, excellent chemical stability, and high specific 
capacitance. The MnO2–graphene composite exhibits excellent 
electrochemical performance owing to the excellent conduc-
tivity and high specific surface area of graphene and the high 
specific capacitance of MnO2. Carbon nanofoams/aerogels can 
help manganese oxide to easily form a composite on the sur-
face or in the porous structure to create more active sites of the 
MnO2 electrodes with enhanced specific capacitance.

Furthermore, using ternary composites for supercapacitor 
materials can lead to highly beneficial synergistic effects among 
the components, making possible greater electrochemical per-
formance, cycling stability, and other important properties than 
would be the case for each individual component. Much recent 
focus of supercapacitor electrode research has been placed on 
MnO2–carbon based materials, and the field has a bright future, 
especially in regards to ternary materials. This review has cov-
ered a variety of carbon materials as Supporting Informations for 
the deposition of MnO2 nanostructures. Because of its excellent 
electrochemical properties, such as high electrical conductivity 
and chemical stability, various carbon materials have become 
the most popular candidate. At present, the majority of research 
into such carbon materials is focused on carbon nanotubes, gra-
phene, porous carbon, and carbon spheres. Due to their high 
surface area, they make excellent mechanical support materials, 
allowing them to improve the conductivity of active MnO2. In 
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Table 1. The preparation methods and electrochemical performance of selected conductive MnO2–carbon based supercapacitor electrode materials.

Material Electrolyte Maximum specific 
capacitance

Cycle stability Maximum energy 
density

Maximum power 
density

Ref.

MnO2/CNT 1 m Na2SO4 199 F g−1 at 0.1 A g−1 97% after 20 000 cycles [51]

MnO2/CNT 1 m Na2SO4 167.5 F g −1 at 77 mA g−1 >88% after 3000 cycles [53]

MnO2/CNT 1 m Na2SO4 325.5 F g−1 at 0.3 A g−1 90.5% after 5000 cycles [57]

1 m Na2SO4 157.53 µF cm−1 at 50 mV s−1 from 17.26 to 46.59 

nWh cm−1

from 7.63 to 61.55 mW 

cm−1

[60]

MnO2@CNTs/Ni 1 m Na2SO4 389 F g−1 at 0.1 A g−1 83.4% after 1000 cycles 33.6 Wh kg−1 at 30.2 

kW kg−1

94.4 Wh kg−1 at 1000 

W kg−1

[68]

GO/MnO2 1 m Na2SO4 315 F g−1 at 0.5 A g−1 ≈95% after 5000 cycles [79]

GO/MnO2 1 m Na2SO4 360 F g–1 at 0.5 A g–1 >93% after 1000 cycles [84]

graphene/MnO2/CNTs 1 m Na2SO4 372 F g−1 at 0.5 A g−1 >90% after 3000 cycles [107]

Sponge@RGO@MnO2 1 m Na2SO4 205 F g−1 at 0.1 A g−1 90% after 1000 cycles 8.34 Wh kg−1 47 kW kg−1 [111]

GR/MCNTs/MnO2 1 m Na2SO4 355 F g−1 at 0.3 A g−1 83% after 2500 cycles 28.33 Wh kg−1 5 kW kg−1 at 13.33 Wh 

kg−1

[113]

oPP@MnO2 composite 

aerogel

1 m Na2SO4 1066 F g−1 30.3 Wh kg−1 [130]

MnO2/porous carbon KOH 459 F g−1 at 1.0 A g−1 >90% after 3000 cycles [136]

MnO2/carbon nanofiber 1 m Na2SO4 　 94% after 5000 cycles 30.6 Wh kg−1 　 [139]

MnO2 / C 5 m LiNO3 307.6 F g−1 96.6% after 1000 cycles [147]

NiCo2O4–MnO2/GF 1 m Na2SO4 2577 F g−1 at 1 A g−1 94.3% after 5000 cycles 55.1 Wh kg−1 187.5 W kg−1 [131]

Figure 14. a) Schematic illustration of the fabrication process of the 
carbon@MnO2 nanospheres. SEM images of b) bare carbon nano-
spheres, c) CMNs-20, and d) CMNs-40. Reproduced with permission.[146] 
Copyright 2014, Elsevier.
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addition, the carbon support can also itself store electrical charge, 
increasing the capacitance of the composite electrode material.

Flexible electronic products are of increasingly more and 
more interest. This will bring a great future for the MnO2–
carbon based composite materials. How to achieve a power 
supply with high flexibility, high energy density, excellent rate 
capacity, cycle stability, light weight, safe operation, low cost, 
and scalable production is the ultimate goal. One of the key 
challenges in using MnO2–carbon composite electrode mate-
rials as electrodes for flexible supercapacitors is their low energy 
density. This is due to the fact that low loading rate of MnO2 
could minimize the charge transfer resistance and provide good 
accessibility of the electrolyte to fully utilize the active material. 
In order to achieve this, material selection and construction are 
the biggest challenges in electrode, electrolyte, and packaging 
materials research. Although the recent development of flex-
ible power supply has yet to be improved: on the one hand, the 
development of MnO2–carbon based supercapacitor electrode 
materials reliable materials to improve the electrode electro-
chemical and mechanical properties, the use of some indus-
trial production technology, such as inkjet and screen printing, 
reduce manufacturing costs. On the other hand, improving the 
conductivity, mechanical properties, and safety of current solid 
polymer electrolytes to ensure better compatibility.[150,151]

To meet the rapid development of flexible, portable, and wear-
able electronic devices, researchers have worked extensively 
on SCs, which are dedicated to the development of efficient 
energy storage.[152] In particular, in recent years, researchers 
have made exciting work on the challenges and the latest tech-
nology of supercapacitors to explore more appropriate and effi-
cient electrode/electrolyte materials and more preferred battery 
configurations and structural designs to develop flexible power 
supplies. The source has better electrochemical properties for 
integration into flexible electronic devices.[153–157] Most recently, 
Zhu et al.[158] exhibited ultrathin direct growth of carbon nano-
tubes on conductive carbon fibers with a high capacitance of 
634.5 F g−1 at a current density of 2.5 A g−1, with excellent 
cycling stability. Carbon nanotubes on carbon fibers and MnO2 
nanosheets on graphene are used as positive and negative solid-
state ASCs, respectively. ASC shows high specific capacitance of 
87.1 F g−1 and has special energy density 27.2 Wh kg−1. In addi-
tion, the capacitance retention rate of up to 95.2%. As a result, 
flexible fibrous supercapacitors have shown great potential in 
portable and wearable electronic devices, creating new oppor-
tunities for sustainable development and self-development in 
nanometer equipment in the near future.[159,160]

Therefore, future research trends should focus on the fol-
lowing aspects:

(1)  Preparation of high specific surface area of nano-MnO2–
carbon composite electrode materials and improvement 
of electrochemical properties.

(2)  Maximization of the conductivity of MnO2-based elec-
trodes by adding various conductive agents, such as a 
composite array of MnO2/porous carbon and oxide.

(3)  Combining MnO2 materials with cost-effective flexible 
substrate carbon materials with the goal of enabling 
lightweight, portable, safe, and environmentally friendly 
commercial materials.

The application of MnO2–carbon electrode materials in 
the field of supercapacitors and flexible conductive materials 
has been developing rapidly. The sources of raw materials are 
diverse and the preparation process is flexible and controllable. 
Many of the preparation methods are scalable for mass produc-
tion and therefore have great potential for commercialization. 
We believe that as the technology matures and further break-
throughs in flexible MnO2 electrode material development are 
made, the introduction of intelligent wearable devices in daily 
life in the near future is plausible.

Acknowledgements
This research was financially supported by the National Natural Science 
Foundation of China (No. 51673157).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
carbon materials, energy storage devices, manganese dioxide, 
supercapacitors

Received: August 21, 2017
Revised: November 1, 2017

Published online: 

[1] J. P. Holdren, Science 2007, 315, 737.
[2] H. Wang, H. Dai, Chem. Soc. Rev. 2013, 42, 3088.
[3] G. Yu, X. Xie, L. Pan, Z. Bao, Y. Cui, Nano Energy 2013, 2, 213.
[4] K. H. An, W. S. Kim, Y. S. Park, J. M. Moon, D. J. Bae, S. C. Lim,  

Y. S. Lee, Y. H. Lee, Adv. Funct. Mater. 2001, 11, 387.
[5] J. Wang, F. Kang, B. Wei, Prog. Mater. Sci. 2015, 74, 51.
[6] Y. Zhang, Y. Gui, X. Wu, H. Feng, A. Zhang, L. Wang, T. Xia,  

Int. J. Hydrogen Energy 2009, 34, 2467.
[7] H. I. Becker, Google Patent, U.S. Patent 2,800,616[P]. 1957-7-23, 1957.
[8] R. A. Huggins, Solid State Ionics 2000, 134, 179.
[9] H. Wang, H. Feng, J. Li, Small 2014, 10, 2165.

[10] J. Wang, F. Kang, B. Wei, Prog. Mater. Sci. 2015, 74, 51.
[11] A. Azarpira, J. Pfrommer, K. Olech, C. Höhn, M. Driess, 

B. Stannowski, T. Schedel-Niedrig, M. Lublow, J. Mater. Chem. A 
2016, 4, 3082.

[12] M. Winter, R. J. Brodd, Chem. Rev. 2004, 104, 4245.
[13] K. Jost, G. Dion, Y. Gogotsi, J. Mater. Chem. A 2014, 2, 10776.
[14] J. Tang, R. R. Salunkhe, J. Liu, N. L. Torad, M. Imura, S. Furukawa, 

Y. Yamauchi, J. Am. Chem. Soc. 2015, 137, 1572.
[15] G. A. Snook, P. Kao, A. S. Best, J. Power Sources 2011, 196, 1.
[16] M. Cao, X. He, J. Chen, C. Hu, Cryst. Growth Des. 2007, 7, 170.
[17] G. Wang, L. Zhang, J. Zhang, Chem. Soc. Rev. 2012, 41, 797.
[18] Q. X. Jia, S. G. Song, X. D. Wu, J. H. Cho, S. R. Foltyn,  

A. T. Findikoglu, J. L. Smith, Appl. Phys. Lett. 1996, 68, 1069.
[19] I. Kim, K. Kim, J. Electrochem. Soc. 2006, 153, A383.
[20] P. Sharma, T. S. Bhatti, Energy Convers. Manage. 2010, 51, 2901.
[21] X. Zhang, P. Yu, H. Zhang, D. Zhang, X. Sun, Y. Ma, Electrochim. 

Acta 2013, 89, 523.

Small 2018, 1702883



1702883 (14 of 15)

www.advancedsciencenews.com www.small-journal.com
small

NANO MICRO

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[22] Y. Zhang, Q. Yao, H. Gao, L. Wang, Y. Song, A. Zhang, T. Xia, 
Mater. Lett. 2014, 135, 19.

[23] T. Brousse, M. Toupin, R. Dugas, L. Athouël, O. Crosnier, 
D. Bélanger, J. Electrochem. Soc. 2006, 153, A2171.

[24] M. Toupin, T. Brousse, D. Bélanger, Chem. Mater. 2004, 16, 3184.
[25] H. Y. Lee, J. B. Goodenough, J. Solid State Chem. 1999, 144, 220.
[26] J. Zhu, W. Shi, N. Xiao, X. Rui, H. Tan, X. Lu, H. H. Hng, J. Ma, 

Q. Yan, ACS Appl. Mater. Interfaces 2012, 4, 2769.
[27] H. Li, X. Zhang, R. Ding, L. Qi, H. Wang, Electrochim. Acta 2013, 

108, 497.
[28] W. Wei, X. Cui, W. Chen, D. G. Ivey, Chem. Soc. Rev. 2011, 40,  

1697.
[29] C. D. Hodgman, Handbook of Chemistry and Physics, Vol. 71, LWW, 

Dordrecht, The Netherlands 1951.
[30] W. M. Lee, Bowker Magazine Group, Cahners Magazine, New York, 

USA 2006.
[31] Q. Feng, H. Kanoh, K. Ooi, J. Mater. Chem. 1999, 9, 319.
[32] S. Devaraj, N. Munichandraiah, J. Phys. Chem. C 2008, 112, 4406.
[33] M. Huang, F. Li, F. Dong, Y. X. Zhang, L. L. Zhang, J. Mater. Chem. 

A 2015, 3, 21380.
[34] S. L. Brock, N. Duan, Z. R. Tian, O. Giraldo, H. Zhou, S. L. Suib, 

Chem. Mater. 1998, 10, 2619.
[35] M. M. Thackeray, Prog. Solid State Chem. 1997, 25, 1.
[36] P. M. De Wolff, Acta Crystallogr. 1959, 12, 341.
[37] T. Brousse, M. Toupin, R. Dugas, L. Athouël, O. Crosnier, 

D. Bélanger, J. Electrochem. Soc. 2006, 153, A2171.
[38] O. Ghodbane, J. Pascal, F. Favier, ACS Appl. Mater. Inter. 2009, 1, 

1130.
[39] X. Tang, H. Li, Z. Liu, Z. Yang, Z. Wang, J. Power Sources 2011, 196, 

855.
[40] W. Chen, R. B. Rakhi, Q. Wang, M. N. Hedhili, H. N. Alshareef, 

Adv. Funct. Mater. 2014, 24, 3130.
[41] S. Zhao, T. Liu, D. Hou, W. Zeng, B. Miao, S. Hussain, X. Peng,  

M. S. Javed, Appl. Surf. Sci. 2015, 356, 259.
[42] J. Shao, X. Zhou, Q. Liu, R. Zou, W. Li, J. Yang, J. Hu, J. Mater. 

Chem. A 2015, 3, 6168.
[43] N. Chen, K. Wang, X. Zhang, X. Chang, L. Kang, Z. Liu, Colloids 

Surf. A 2011, 387, 10.
[44] B. Ming, J. Li, F. Kang, G. Pang, Y. Zhang, L. Chen, J. Xu, X. Wang, 

J. Power Sources 2012, 198, 428.
[45] Z. Liu, K. Xu, H. Sun, S. Yin, Small 2015, 11, 2182.
[46] W. Yang, K. R. Ratinac, S. P. Ringer, P. Thordarson, J. J. Gooding, 

F. Braet, Angew. Chem., Int. Ed. 2010, 49, 2114.
[47] V. Subramanian, H. Zhu, B. Wei, Electrochem. Commun. 2006, 8, 827.
[48] Z. Fan, J. Chen, M. Wang, K. Cui, H. Zhou, Y. Kuang, Diamond 

Relat. Mater. 2006, 15, 1478.
[49] S. Ma, K. Ahn, E. Lee, K. Oh, K. Kim, Carbon 2007, 45, 375.
[50] S. Ma, K. Nam, W. Yoon, X. Yang, K. Ahn, K. Oh, K. Kim, J. Power 

Sources 2008, 178, 483.
[51] H. Zhang, G. Cao, Z. Wang, Y. Yang, Z. Shi, Z. Gu, Nano Lett. 

2008, 8, 2664.
[52] L. Hu, W. Chen, X. Xie, N. Liu, Y. Yang, H. Wu, Y. Yao, M. Pasta,  

H. N. Alshareef, Y. Cui, ACS Nano 2011, 5, 8904.
[53] S. Chou, J. Wang, S. Chew, H. Liu, S. Dou, Electrochem. Commun. 

2008, 10, 1724.
[54] Y. Cheng, S. Lu, H. Zhang, C. V. Varanasi, J. Liu, Nano Lett. 2012, 

12, 4206.
[55] R. Amade, E. Jover, B. Caglar, T. Mutlu, E. Bertran, J. Power Sources 

2011, 196, 5779.
[56] L. Li, Z. A. Hu, N. An, Y. Y. Yang, Z. M. Li, H. Y. Wu, J. Phys. Chem. 

C 2014, 118, 22865.
[57] M. Huang, R. Mi, H. Liu, F. Li, X. L. Zhao, W. Zhang, S. X. He,  

Y. X. Zhang, J. Power Sources 2014, 269, 760.
[58] M. Huang, R. Mi, H. Liu, F. Li, X. L. Zhao, W. Zhang, S. X. He,  

Y. X. Zhang, J. Power Sources 2014, 269, 760.

[59] K. Shi, M. Ren, I. Zhitomirsky, ACS Sustainable Chem. Eng. 2014, 
2, 1289.

[60] K. Shi, I. Zhitomirsky, ChemElectroChem 2015, 2, 396.
[61] P. Xu, B. Wei, Z. Cao, J. Zheng, K. Gong, F. Li, J. Yu, Q. Li, W. Lu, 

J. Byun, ACS Nano 2015, 9, 6088.
[62] J. Zhou, H. Zhao, X. Mu, J. Chen, P. Zhang, Y. Wang, Y. He, 

Z. Zhang, X. Pan, E. Xie, Nanoscale 2015, 7, 14697.
[63] B. Brown, I. A. Cordova, C. B. Parker, B. R. Stoner, J. T. Glass, 

Chem. Mater. 2015, 27, 2430.
[64] T. Gu, B. Wei, J. Mater. Chem. A 2016, 4, 12289.
[65] J. Shen, X. Li, L. Wan, K. Liang, B. K. Tay, L. Kong, X. Yan, ACS 

Appl. Mater. Interfaces 2016, 9, 668.
[66] B. Brown, I. A. Cordova, C. B. Parker, B. R. Stoner, J. T. Glass, 

Chem. Mater. 2015, 27, 2430.
[67] L. Dong, C. Xu, Y. Li, C. Wu, B. Jiang, Q. Yang, E. Zhou, F. Kang, 

Q. H. Yang, Adv. Mater. 2016, 28, 1675.
[68] P. Sun, H. Yi, T. Peng, Y. Jing, R. Wang, H. Wang, X. Wang, J. Power 

Sources 2017, 341, 27.
[69] S. Vivekchand, C. S. Rout, K. S. Subrahmanyam, A. Govindaraj, 

C. Rao, J. Chem. Sci. 2008, 120, 9.
[70] K. S. Novoselov, A. K. Geim, S. Morozov, D. Jiang, M. Katsnelson, 

I. Grigorieva, S. Dubonos, A. Firsov, Nature 2005, 438, 197.
[71] J. Chen, C. Jang, S. Xiao, M. Ishigami, M. S. Fuhrer, Nat.  

Nanotechnol. 2008, 3, 206.
[72] C. Lee, X. Wei, J. W. Kysar, J. Hone, Science 2008, 321, 385.
[73] Y. Zhu, S. Murali, M. D. Stoller, K. J. Ganesh, W. Cai, P. J. Ferreira, 

A. Pirkle, R. M. Wallace, K. A. Cychosz, M. Thommes, Science 
2011, 332, 1537.

[74] B. Yao, J. Zhang, T. Kou, Y. Song, T. Liu, Y. Li, Adv. Sci. 2017, 4, 
1700107.

[75] C. Wan, K. Azumi, H. Konno, J. Appl. Electrochem. 2007, 37, 1055.
[76] C. Wan, K. Azumi, H. Konno, Electrochim. Acta 2007, 52, 3061.
[77] J. Yan, Z. Fan, T. Wei, Z. Qie, S. Wang, M. Zhang, Mater. Sci. Eng. 

B 2008, 151, 174.
[78] S. Chen, J. Zhu, X. Wu, Q. Han, X. Wang, ACS Nano 2010, 4, 2822.
[79] Z. Wu, W. Ren, D. Wang, F. Li, B. Liu, H. Cheng, ACS Nano 2010, 

4, 5835.
[80] Y. Liu, D. Yan, Y. Li, Z. Wu, R. Zhuo, J. Electroanal. Chem. 2014, 

372, 90.
[81] H. Huang, X. Wang, Nanoscale 2011, 3, 3185.
[82] S. Yang, X. Song, P. Zhang, L. Gao, ACS Appl. Mater. Interfaces 

2013, 5, 3317.
[83] L. Peng, X. Peng, B. Liu, C. Wu, Y. Xie, G. Yu, Nano Lett. 2013, 13, 

2151.
[84] K. Dai, L. Lu, C. Liang, J. Dai, Q. Liu, Y. Zhang, G. Zhu, Z. Liu,  

Electrochim. Acta 2014, 116, 111.
[85] Y. Zhao, W. Ran, J. He, Y. Huang, Z. Liu, W. Liu, Y. Tang, L. Zhang, 

D. Gao, F. Gao, Small 2015, 11, 1310.
[86] M. Wu, Y. Fu, Carbon 2013, 60, 236.
[87] M. Liu, W. W. Tjiu, J. Pan, C. Zhang, W. Gao, T. Liu, Nanoscale 

2014, 6, 4233.
[88] M. Wu, Y. Fu, Carbon 2013, 60, 236.
[89] L. Li, A. R. O. Raji, J. M. Tour, Adv. Mater. 2013, 25, 6298.
[90] G. Yu, L. Hu, M. Vosgueritchian, H. Wang, X. Xie, Nano Lett. 2011, 

11, 2905.
[91] H. R. Naderi, H. R. Mortaheb, A. Zolfaghari, J. Electroanal. Chem. 

2014, 719, 98.
[92] Y. Song, D. Feng, T. Liu, Y. Li, X. Liu, Nanoscale 2015, 7, 3581.
[93] M. Kim, Y. Hwang, J. Kim, J. Power Sources 2013, 239, 225.
[94] J. Ge, H. Yao, W. Hu, X. Yu, Y. Yan, L. Mao, H. Li, S. Li, S. Yu, Nano 

Energy 2013, 2, 505.
[95] J. Chang, M. Jin, F. Yao, T. H. Kim, V. T. Le, H. Yue, F. Gunes, B. Li, 

A. Ghosh, S. Xie, Y. H. Lee, Adv. Funct. Mater. 2013, 23, 5074.
[96] H. Gao, F. Xiao, C. B. Ching, H. Duan, ACS Appl. Mater. Interfaces 

2012, 4, 2801.

Small 2018, 1702883



1702883 (15 of 15)

www.advancedsciencenews.com www.small-journal.com
small

NANO MICRO

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[97] T. Zhai, F. Wang, M. Yu, S. Xie, C. Liang, C. Li, F. Xiao, R. Tang, 
Q. Wu, X. Lu, Nanoscale 2013, 5, 6790.

[98] H. Gao, F. Xiao, C. B. Ching, H. Duan, ACS Appl. Mater. Interfaces 
2012, 4, 2801.

[99] Y. Sun, Y. Cheng, K. He, A. Zhou, H. Duan, RSC Adv. 2015, 5, 
10178.

[100] S. Zhu, H. Zhang, P. Chen, L. Nie, C. Li, S. Li, J. Mater. Chem. A 
2015, 3, 1540.

[101] Y. He, W. Chen, X. Li, Z. Zhang, J. Fu, C. Zhao, E. Xie, ACS Nano 
2012, 7, 174.

[102] T. Zhai, F. Wang, M. Yu, S. Xie, C. Liang, C. Li, F. Xiao, R. Tang, 
Q. Wu, X. Lu, Nanoscale 2013, 5, 6790.

[103] X. Sun, H. Wang, Z. Lei, Z. Liu, L. Wei, RSC Adv. 2014, 4,  
30233.

[104] X. Zhao, L. Zhang, S. Murali, M. D. Stoller, Q. Zhang, ACS Nano 
2012, 6, 5404.

[105] B. G. Choi, M. Yang, W. H. Hong, J. W. Choi, Y. S. Huh, ACS Nano 
2012, 6, 4020.

[106] G. Yu, L. Hu, N. Liu, H. Wang, M. Vosgueritchian, Nano Lett. 
2011, 2011, 4438.

[107] Y. Cheng, S. Lu, H. Zhang, C. V. Varanasi, J. Liu, Nano Lett. 2012, 
12, 4206.

[108] G. Zhu, Z. He, J. Chen, J. Zhao, X. Feng, Nanoscale 2014, 6, 1079.
[109] G. Han, Y. Liu, E. Kan, J. Tang, L. Zhang, H. Wang, W. Tang, RSC 

Adv. 2014, 4, 9898.
[110] G. Han, Y. Liu, L. Zhang, E. Kan, S. Zhang, J. Tang, W. Tang, Sci. 

Rep. 2015, 4, 2548.
[111] J. Ge, H. B. Yao, W. Hu, X. F. Yu, Y. X. Yan, Nano Energy 2013, 2, 505.
[112] S. Wu, W. Chen, L. Yan, J. Mater. Chem. A 2014, 2, 2765.
[113] L. Deng, Z. Hao, J. Wang, G. Zhu, L. Kang, Z. Liu, Z. Yang, 

Z. Wang, Electrochim. Acta 2013, 89, 191.
[114] W. Ma, S. Chen, S. Yang, W. Chen, W. Weng, Y. Cheng, M. Zhu, 

Carbon 2017, 113, 151.
[115] J. Zhang, X. Yang, Y. He, Y. Bai, L. Kang, H. Xu, F. Shi, Z. Lei, 

Z. Liu, J. Mater. Chem. A 2016, 4, 9088.
[116] Y. Liu, M. Hu, M. Zhang, L. Peng, H. Wei, Y. Gao, J. Alloy Compd. 

2017, 696, 1159.
[117] B. S. Singu, K. R. Yoon, Electrochim. Acta 2017, 231, 749.
[118] J. Li, X. Wang, Q. Huang, S. Gamboa, P. J. Sebastian, J. Power 

Sources 2006, 160, 1501.
[119] D. Wu, R. Fu, M. S. Dresselhaus, G. Dresselhaus, Carbon 2006, 44, 

675.
[120] A. E. Fischer, K. A. Pettigrew, D. R. Rolison, R. M. Stroud,  

J. W. Long, Nano Lett. 2007, 7, 281.
[121] A. E. Fischer, M. P. Saunders, K. A. Pettigrew, D. R. Rolison,  

J. W. Long, J. Electrochem. Soc. 2008, 155, A246.
[122] J. W. Long, M. B. Sassin, A. E. Fischer, D. R. Rolison,  

A. N. Mansour, V. S. Johnson, P. E. Stallworth, S. G. Greenbaum,  
J. Phys. Chem. C 2009, 113, 17595.

[123] W. Wei, X. Cui, W. Chen, D. G. Ivey, Chem. Soc. Rev. 2011, 40, 1697.
[124] Y. H. Lin, T. Y. Wei, H. C. Chien, S. Y. Lu, Adv. Energy Mater. 2011, 

1, 901.
[125] A. E. Fischer, K. A. Pettigrew, D. R. Rolison, R. M. Stroud,  

J. W. Long, Nano Lett. 2007, 7, 281.
[126] G. Li, Z. Feng, Y. Ou, D. Wu, R. Fu, Y. Tong, Langmuir 2010, 26, 

2209.
[127] Y. Ren, Q. Xu, J. Zhang, H. Yang, B. Wang, D. Yang, J. Hu, Z. Liu, 

ACS Appl. Mater. Interfaces 2014, 6, 9689.

[128] S. Zhu, H. Zhang, P. Chen, L. Nie, C. Li, S. Li, J. Mater. Chem. A 
2015, 3, 1540.

[129] Y. Liu, D. He, H. Wu, J. Duan, Y. Zhang, Electrochim. Acta 2015, 
164, 154.

[130] F. Lai, Y. Huang, L. Zuo, H. Gu, Y. Miao, T. Liu, J. Mater. Chem. A 
2016, 4, 15861.

[131] M. A. Garakani, S. Abouali, Z. Xu, J. Huang, J. Huang, J. Kim,  
J. Mater. Chem. A 2017, 5, 3547.

[132] D. W. Wang, F. Li, M. Liu, G. Q. Lu, H. M. Cheng, Angew. Chem., 
Int. Ed. 2008, 47, 373.

[133] Z. Lei, J. Zhang, X. S. Zhao, J. Mater. Chem. 2012, 22, 153.
[134] Z. Yang, C. Tang, H. Gong, X. Li, J. Wang, J. Power Sources 2013, 

240, 713.
[135] C. Yang, M. Zhou, Q. Xu, Phys. Chem. Chem. Phys. 2013, 15, 

19730.
[136] M. Liu, L. Gan, W. Xiong, Z. Xu, D. Zhu, L. Chen, J. Mater. Chem. 

A 2014, 2, 2555.
[137] J. Wang, Y. Yang, Z. Huang, F. Kang, J. Power Sources 2013, 224,  

86.
[138] J. Wang, Y. Yang, Z. Huang, F. Kang, Carbon 2013, 61, 190.
[139] M. Zhi, A. Manivannan, F. Meng, N. Wu, J. Power Sources 2012, 

208, 345.
[140] L. Wang, Y. Zheng, S. Chen, Y. Ye, F. Xu, H. Tan, Z. Li, H. Hou, 

Y. Song, Electrochim. Acta 2014, 135, 380.
[141] H. Li, L. Jiang, Q. Cheng, Y. He, V. Pavlínek, P. Sáha, C. Li,  

Electrochim. Acta 2015, 164, 252.
[142] X. Luo, J. Yang, D. Yan, W. Wang, X. Wu, Z. Zhu, J. Alloy Compd. 

2017, 723, 505.
[143] X. Li, M. Zhou, J. Wang, F. Ge, Y. Zhao, S. Komarneni, Z. Cai,  

J. Power Sources 2017, 342, 762.
[144] Z. Lei, J. Zhang, X. S. Zhao, J. Mater. Chem. 2012, 22, 153.
[145] X. Zhang, J. Ma, W. Yang, Z. Gao, J. Wang, Q. Liu, J. Liu, X. Jing, 

CrystEngComm 2014, 16, 4016.
[146] Y. Zhao, Y. Meng, P. Jiang, J. Power Sources 2014, 259, 219.
[147] G. Wang, H. Xu, L. Lu, H. Zhao, J. Mater. Chem. A 2015, 3, 1127.
[148] L. Li, R. Li, S. Gai, S. Ding, F. He, M. Zhang, P. Yang, Chem.-Eur. J. 

2015, 21, 7119.
[149] Y. Zhao, Y. Meng, P. Jiang, J. Power Sources 2014, 259, 219.
[150] X. Duan, J. Xu, Z. Wei, J. Ma, S. Guo, H. Liu, S. Dou, Small 

Methods 2017, 1, 1700156.
[151] J. Zhang, G. Jiang, M. Goledzinowski, F. J. Comeau, K. Li, 

T. Cumberland, J. Lenos, P. Xu, M. Li, A. Yu, Small Methods 2017, 
1700237.

[152] F. Meng, H. Zhong, Q. Zhang, K. Liu, J. Yan, Q. Jiang, J. Mater. 
Chem. A 2017, 5, 18972.

[153] F. Liu, S. Song, D. Xue, H. Zhang, Adv. Mater. 2012, 24, 1089.
[154] Z. Wu, X. Huang, Z. Wang, J. Xu, H. Wang, X. Zhang, Sci. Rep. 

2014, 4, 2309.
[155] L. Li, Z. Wu, S. Yuan, X. Zhang, Energy Environ. Sci. 2014, 7, 2101.
[156] Z. Wu, L. Li, X. L. Huang, X. B. Zhang, J. M. Yan, ChemNanoMat 

2016, 2, 698.
[157] P. Yang, X. Xiao, Y. Li, Y. Ding, P. Qiang, X. Tan, W. Mai, Z. Lin, 

W. Wu, T. Li, ACS Nano 2013, 7, 2617.
[158] N. Yu, H. Yin, W. Zhang, Y. Liu, Z. Tang, M. Q. Zhu, Adv. Energy 

Mater. 2016, 6, 1501458.
[159] Z. Wu, X. Zhang, Sci. China Mater. 2016, 59, 547.
[160] Y. Song, T. Liu, B. Yao, M. Li, T. Kou, Z. Huang, D. Feng, F. Wang, 

Y. Tong, X. Liu, ACS Energy Lett. 2017, 2, 1752.

Small 2018, 1702883


